Activity of static loads and different activities of dynamic loads produced over the structure of a building have a negative effect causing deformations of the materials that form the structure. Reinforced concrete is the most used in building structural material, being deflection its most important deformation that affects bending elements fabricated with this material. This paper presents a new measurement system based on the response of a piezoelectric low cost sensor. Placing the device in the midspan of the beam where maximum deformation is produced, the sensor is able to collect deflection variations according to the loads the element is subjected to, showing produced variations in real time.
Introduction
In terms of studying deformations of structural elements, transverse movements to the directive of the beam are the most harmful for the building as they cause cracking in partitions and walls initially intended to support only their own weight and coating projected in them (García et al., 2011) . These pathologies caused by the action of deflection generated in beams are nowadays the reason of a big part of lawsuits against the professionals of the construction sector (Gil & Mas, 2015) .
There are a lot of researches about the determination of deflection produced in concrete structures. Some authors center their investigations in final prediction of deflection according to the time during which the load acts and according to the age of the concrete in the moment of applying the load, in order to identify the maximum admissible deformations that the material can support (Un et al., 2015) . Other authors study the influence of new reinforcement materials on structures and how they improve their bending characteristics decreasing deflection (Lapko & Urbariski, 2015) , however sometimes working with some recycled materials, these deformations are higher compared to the original element being necessary to know them (Mohamed, 2017) . Nevertheless, all these applications require equipment to check their efficiency and also to calculate the improvement in real time.
The problem of measuring evolution of deflection is produced measuring the movement of the midspan of the concrete beam on two supports. For this, there are different sensors and measuring devices that allow to carry out this function. On the one hand, there are capacitive sensors that keeping fixed their geometry and distance between condenser plates, offer an electric response that is the function of the dielectric placed between the plates, detecting in this way the variations that are produced in it (Morón et al., 2014) . Other authors use for the deflection measurement in structural element the Wheatstone bridge method, measuring the difference in the tension produced between both branches of the bridge, when this is unbalanced because of the application of the load that deploys the effort (Vignolo & Vázquez, 2012) . Those are deflection measuring devices of high gain and limited thermal drift that can be placed in parallel on studied structural element. Resistive sensors with extensiometric gauges based on the resistance variation of a conduit subjected to mechanical stress are widely used in building because of their easy installation (Payo & Feliu, 2014) . There are also papers that study magnetoelastic sensors based on the Villari effect, studying changes produced in magnetic curves when ferromagnetic material is deformed (Ausanio et al., 2005) .
More precisely, in case of piezoelectric sensors some authors performed studies to monitor structures in order to identify damages in concrete through electromechanical admission techniques (Providakis et al., 2013) . These monitoring techniques allowed to detect structures damages through the variation of electric admittance with the help of piezoelectric sensors placed on the surface. Piezoelectric sensors situated in cracking area in supported concrete beams presented higher sensibility and easy application in its whole frequency range than other commercial sensor. This allows to use this devices for evaluation of hidden damages in reinforced concrete structures (Karayannis et al., 2015) .
Nevetheless, not all of the studies focus on beam flexure measurement, some authors used piezoelectric sensor to monitor tensile compression in concrete structures, obtaining results that can be used to reassure the structural security in construction (Ai et al., 2018) .
These piezoelectric sensor can be also used in terms of structural security in areas of high seismic activity, being able to determine in real time cracking state of reinforced concrete pillars (Kong et al., 2016) . Others authors developed systems based on network of remote control piezoelectric sensors that can predict through voltage variations the beginning diagonal cracking produced in concrete structures (Voutetaki et al., 2016) ; these systems with IoT techniques allows to visualize in real time in mobile devices the state and evolution of building cracks. This paper is dedicated to developing a novel measuring system based on the low cost piezoelectric sensor that situated properly on the central part of the element subjected to flexural stress is able to detect deformation variations produced under the action of a continuous load. In this way, it can be implemented in the buildings at risk of collapse presenting excessive deflection or that need to be monitored because of their typology.
Methodology
This part describes the materials that were used to fabricate tested specimens, and the design of the measuring system and its theoretical basis.
Materials
To carry out the research, two well differentiated concretes were used, one can be considered to be of high resistance and another of medium resistance and commonly used in building, with an idea to detect significant variations of deflection produced in both. Used dosages in weight are shown in Table 1 . Both concretes were prepared according to the requirements of the standard UNE-EN 12390-2:2001 (UNE, 2009b and cured at the same temperature and humidity in moisture chamber during 28 days.
Theoretical basis
Resistance of concrete to traction plays a fundamental role while determining cracking produced in the lower surface of simply supported beams. It is difficult to determine this resistance by conventional tests, being more practical to determine this indirectly through the test of flexotraction established by the standard UNE-EN 12390-5:2009 (UNE, 2009c .
For this, prismatic specimens of 10x10 cm 2 square-section and 60 cm long were fabricated. Specimens are supported in a way that the load is applied occasionally and at constant speed to the centre of the specimen. The mechanism to apply the load consists in a steel roller of 20 mm diameter that descends slowly over one of the surfaces that initially was in contact with the form, avoiding in such a way surfacing of specimens and possible heterogeneities.
Deformations and deflection calculations are carried out basing on the characteristic values of the actions and on concrete resistance, as the aim is to know the behaviour of the structure. Resistance of the material allows to calculate deflection of a beam of constant inertia with linear and symmetric material with respect to the load showed in the following expression:
where is a coefficient depending on the type of load and support (Figure 1.a) , is bending moment acting in the reference section, is the light of the beam, is the modulus of deformation of material and is inertia moment of transversal section.
However, in case of concrete rigidity is not constant, due to the fact that along the beam on two supports there are different inertias, some of them are cracked and another are not, that is why the standard EHE-08 (R.D. 1247, 2008) proposes the following expression to calculate equivalent inertia:
where is a bending moment of cracking, is acting service cracking moment, is a moment of inertia of gross rectangular section of concrete and is a moment of inertia of cracked section. As it can be observed in the simulation shown in Figure 1 .b, after the simulation of expected behaviour of bending beam the highest stress is produced in the lower surface of the specimen, exactly at the mid distance between the supports. Coefficient:
Gross inertia:
Measuring device
Prototype of measuring device can be seen in Figure 2 and consists in a piezoelectric sensor situated on the lower surface of the specimen, electronics of designed circuit, power supply unit and an oscilloscope to assess the response of the sensor. It should be stressed that the measurements presented in this paper have been collected only with a help of the developed device. Future research can be dedicated to the comparative analysis using LVDTs or DTs sensors. This device can measure elastic flexural strength in supported concrete beams, as in case of the test of flexural strength in three points. As it can be seen in Figure 2 , the flexural strength is measured in three points, where the concrete beam is supported and submitted to the point load in the midspan. Piezoelectric sensor is placed on the inferior face of the beam and converts deflections into current outputs in electronic circuit alimented by a power source. Oscilloscope can be also observed in the figure. It was used to adjust the measurements collected by the sensor during the design phase.
Sensor design
It was decided to use a piezoelectric sensor for the development of the measuring system. Moreover, working under environment conditions there is no risk to exceed Curie temperature proper for piezoelectric material, and applying the load continuously and in a controlled manner frequency response of the sensor does not present high peaks caused by the resonance. Furthermore, its low cost and high mechanic rigidity makes this type of piezoelectric sensor more competitive taking into account also its reduced dimensions and unidirectional sensitivity what is very important for deflection measuring in beams (García et al., 2017) .
As it is shown in Figure 3 , the circuit consists in various stages. Firstly, the sensor LDT0-028K is situated in the midspan of the beam. The deflection caused by the load makes the ions that formed piezoelectric film to change the position, originating in this way electric dipoles that generate electric signal. This signal is collected and regulated by the previously calibrated variable resistances that filter the signal sent to the amplifier to be interpreted by the encoders. These sensors sent the logical response that should be intelligible by the screens showing flexural value for a determined time value before the decoding.
Thus, the application of this of systems allowed to change from the traditional functioning model to measure beam deflection based on the visual inspections and measure directly on the span to the model where the response and detection are integrated. Moreover, the piezoelectric detector is an energy efficient system of passive detection with advantage to be used in the construction sector allowing to measure changing pressures according to the structural state of the building.
On the other hand, the presented prototype could modify one of its stages from analogical to digital to reduce the size if it is necessary. Nevertheless, to be used in the laboratory this option has advantage to replace components in case of failure. Among the components shown in Figure 3 , there are logic gates encapsulated into CD4071B chip with symmetric and standardized signal output, that receive the signal of the sensor in excitation. Output of these gates is received in codifying stage where codifiers of CD4532B model are used, which establish a preference order in binary codification, using floating point variables. Finally, the signal passes to the phase of decoding where the chip CD74HC4511 is located, which enables/disables, decode and amplify (latch, decoder and drivers respectively) the signal to represent lately the value of deflection in mm in displays of eight segments. These type of CMOS decoders are of low energy consumption compared with systems based on TTL logic.
Results
Results derived from the carried out tests can be divided in two parts. On the one hand, there is a relation between the load exerted over specimens subjected to the test of flexural and the deflection produced in them, as it can be observed in Figure 4 . As it can be observed, the load applied to reach the rupture is higher in HM-40 than in HM-25 in accordance with used dosages.
As it can be observed in both cases, the relation is linear with a very high correlation in a way that when the major load is exerted over the specimen, the deflection increases. Vertical deformation reaches values no superior to 5 mm in case of HM-25 and around 8 mm for HM-40, in accordance with the theoretical predictions. Both deflections are within the range measurable by the sensor allowing to offer a linear response as shown in Figure 5 .
In Figure 5 it can be observed how the response of the sensor in voltage is practically linear for the reached values of deformation, what allows to calibrate the device for its possible implementation into real buildings avoiding areas of saturation within considered interval. This response varies between 0 and 14 V, increasing with the deflection produced in the midspan for both dosages. As it can be observed in Figure 6 , the rupture of the beams produces in the midspan just in the point of load application. Both samples HM-25 and HM-40 start to crack on the inferior part after the flexural effort, that provokes the deflection of the sensor placed on the inferior part. It should be mentioned that the same test can be performed for reinforced concrete structures where more pronounced deflections would be obtained and higher response in voltage of piezoelectric sensor would be observed.
This would allow its incorporation into the devices of data collection as for example ones based on Arduino platform, in a way that it would be possible to collect records of taken measurements studying evolution of deflection in the beam since its placing in service. For this, a previous calibration of sensors would be necessary, taking into consideration slabs and instant deflection produced after putting the structure into service that can distort the measurements and can be confused with the evolution of total deflection to which large duration loads have to be added that can provoke the collapse of concrete beams by overload.
Conclusions
Measuring device developed in this research presents a linear response to the deformation produced in concrete beams. Deflection variation with respect to the load is reflected into the response of the piezoelectric sensor in voltage situated in the midspan that allows to know in real time the state of deformation of the structure. Moreover, the response of the sensor in voltage presents a linear behaviour towards the applied load for both dosages HM-25 and HM-40. The maximum deflection was not more than 5 mm for the first one and no more than 8 mm for the second one. Furthermore, one of the possible applications of this device could be using it as an alarm system in building under the risk of collapse that have to be monitored in real time. For this, it would be necessary to calibrate the sensor according to the performed laboratory tests over scale structures elaborated with the same materials. These systems can be used after their validation to control cracking and fissures in reinforced concrete structures, collecting the information received by the sensor after its deflection (Voutetaki et al., 2016) . Moreover, it has reduced energy consume compared to other active commercial systems favouring its use in the construction reducing the cost.
